We report results from a field experiment investigating the influence of volcanic tephra coverage on glacier ablation. These influences are known to be significantly different from those of moraine debris on glaciers due to the contrasting grain size distribution and thermal conductivity. Thus far, the influences of tephra deposits on glacier ablation have rarely been studied. For the experiment, artificial plots of two different tephra types from Eyjafjallajökull and Grímsvötn volcanoes were installed on a snow-covered glacier surface of Vatnajökull ice cap, Iceland. Snow-surface lowering and atmospheric conditions were monitored in summer 2015 and compared to a tephra-free reference site. For each of the two volcanic tephra types, three plots of variable thickness (∼ 1.5, ∼ 8.5 and ∼ 80 mm) were monitored. After limiting the records to a period of reliable measurements, a 50-day data set of hourly records was obtained, which can be downloaded from the Pangaea data repository (https://www.pangaea.de; doi:10.1594/PANGAEA.876656). The experiment shows a substantial increase in snow-surface lowering rates under the ∼ 1.5 and ∼ 8.5 mm tephra plots when compared to uncovered conditions. Under the thick tephra cover some insulating effects could be observed. These results are in contrast to other studies which depicted insulating effects for much thinner tephra coverage on bare-ice glacier surfaces. Differences between the influences of the two different petrological types of tephra exist but are negligible compared to the effect of tephra coverage overall.
Introduction
Deposits of sedimentary materials on the surface of glaciers are known to have significant influence on glacier melt as they alter the energy exchange processes at the surface (e.g., Nicholson and Benn, 2013; Mattson et al., 1993; Østrem, 1959) . The thickness of the layer controls whether the dominant factor at the glacier surface is the decrease in albedo or the increase in thermal resistance . The former implies an increase in the energy gain to the glacier from solar radiation while the latter implies a decrease because of reduced heat conduction to the glacier surface. As a result, thin layers of supraglacial deposits lead to increased glacier melt, while thick layers imply decreased glacier melt or even insulation. With increasing layer thickness glacier melt peaks at the so-called effective thickness. With further increasing layer thickness, glacier melt decreases again and returns to the level of uncovered conditions at the so-called critical thickness. Beyond this thickness, glacier melt decreases further towards the limit of complete insulation (Adhikary et al., 1997) .
The influence of tephra on glacier melt is usually parametrized using in situ data for calibration. However, most of the formulations developed thus far are designed to capture the effects of moraine debris deposits which are usually formed by layers with thicknesses on the order of meters or at least decimeters or centimeters. In recent years there have been numerous studies dealing with the relationship between debris thickness and resulting modification of ablation (e.g., Collier et al., 2015; Juen et al., 2014; Pratap et al., 2015; Rounce et al., 2015) .
Volcanically active regions of the world in sub-polar and polar environments episodically experience the deposition of tephra on glacier surfaces after explosive volcanic eruptions. Volcanic tephra deposits show a wider range of depositional thicknesses than moraine debris, i.e., from sub-millimeter to meter scale. They also feature distinctly different thermal properties (Brock et al., 2007) . The model formulation of Evatt et al. (2015) is valid for all thicknesses from dust to meter scale. However, dedicated studies dealing with the relationship between tephra thickness and the intensity of induced ablation change are remarkably less numerous than those dealing with moraine debris, even if supraglacial tephra deposits are known to significantly influence glacier surface processes and mass balance (e.g., Kirkbride and Dugmore, 2003; Möller et al., 2014; Nield et al., 2013) . So far, only three recent studies have carried out a systematic, quantitative investigation of the influence of tephra deposits of varying thickness on glacier ablation (Dragosics et al., 2016; Juen et al., 2013; Möller et al., 2016) . However, these studies were carried out on bare-ice surfaces and only rely on results obtained over short periods. The experiments covered periods of only 17 (Dragosics et al., 2016) or 13 days of regular daily measurements. Moreover, the experiment of Dragosics et al. (2016) was carried out in an ex situ, non-local environment under controlled, partly laboratorylike conditions. The experiment of Juen et al. (2013) lasted for about 1 month, but ablation measurements were mostly carried out at an irregular frequency.
Here, we present data from automated, continuous measurements of meteorological conditions and snow-surface lowering under artificially installed plots of volcanic tephra of different type and thickness. The measurements were obtained from a field experiment which was carried out on Vatnajökull ice cap, Iceland, over the 2015 summer season. Snow-surface lowering rates under different thicknesses of tephra during days with and without precipitation are compared to illustrate the variability of snow-surface lowering with tephra thickness and the influence of different meteorological conditions. It has to be noted that our measurements are only a proxy for snow ablation, as snow density changes beneath the tephra plots (which also impact snow-surface lowering) were not quantified due to logistical limitations.
Field experiment

Study site
The field experiment was carried out at an elevation of ∼ 970 m a.s.l. on Tungnaárjökull (64.3253 • N, 18.0476 • W), a glacier which is part of the western Vatnajökull ice cap, Iceland (Fig. 1a) . The site was situated on a slightly inclined surface, facing approximately west-southwest. It was characterized by wind-compacted snow coverage with a homogeneous depth of ∼ 2.7 ± 0.2 m throughout the site according to snow-depth probing. Layering of the snowpack was not well pronounced and snow density showed little variability over the vertical profile with an integrated mean of ∼ 410 kg m −3 , which was obtained by stepwise measurements along a vertical profile.
Design and setup
The field experiment was designed to quantify the influence of volcanic tephra (with variable type and thickness) on snow-surface lowering and to relate the measured lowering to meteorological conditions. A set of six artificial plots of tephra coverage with a diameter of 0.7 m were installed at the study site. Three of these plots were made from tephra of Eyjafjallajökull volcano (EYV) and the other three from tephra of Grímsvötn volcano (GRV; Fig. 1a ). Both types of tephra were spread out at thicknesses of ∼ 1.5, ∼ 8.5 and ∼ 80 mm. This was done by weighing out tephra material according to its bulk density (1276 kg m −3 for EYV and 791 kg m −3 for GRV) as dispersal by thickness was not feasible at the millimeter scale. The three thicknesses approximately match the effective thickness (1.5 mm), the critical thickness (8.5 mm) and a thickness under which the dominance of insulation can be considered. These values were chosen according to results of a short, 13-day field experiment by Möller et al. (2016) carried out on bare glacier ice using tephra of GRV.
Contiguous to the tephra plots where snow-surface lowering was recorded, standard meteorological parameters were measured and recorded by an automatic weather station (AWS). The parameters include air temperature and relative humidity at two levels (initially 0.3 and 1.1 m above snow, but increasing according to snow-surface lowering), wind speed and direction (initially 2.1 m above snow), liquid precipitation and incoming and reflected shortwave radiation. For measuring snow-surface lowering at the tephra plots, an aluminum structure for sensor installation was mounted (Fig. 1b) . Over each of the six plots ultrasonic height gauges measured snow-surface lowering at hourly intervals. In addition, sensors for surface temperature measurements were installed over the two ∼ 80 mm plots. Table 1 gives an overview of all sensor and measurement specifications for both the AWS and the tephra plots. The snow-surface lowering measurement at the AWS provides a reference representing non-tephra covered conditions.
A camera system, taking photographs hourly, was setup to monitor and document the conditions of tephra plots and AWS. Unfortunately, it stopped working after a few days and we do not use these data here. 
Tephra sampling
The tephra material was directly sampled at the calderas of EYV and GRV ( Fig. 1a ) in order to obtain pristine material. At EYV the tephra was acquired from inside the caldera (63.6314 • N, 19.6373 • W). This sampling was carried out on 7 May 2015. At GRV the tephra was collected at rocky outcrops near the southern caldera rim (64.4061 • N, 17.2741 • W). Here, sampling was done on 8 May 2015. At both locations, the tephra was taken from active geothermal areas.
Measurements and data preparation
The experiment started on 10 May 2015 and recorded hourly means and samples from the sensors described in Table 1 until 8 September 2015. Measurements stopped on 9 September 2015, when ablation was so advanced that the aluminum structure collapsed. During the collapse, the lowermost parts of the structure were still anchored inside the ice, but the center of mass of the overlying installation was probably too high above ground. The timing of the collapse was easily identifiable from abnormal radiation and distance measurements. For studying the influences of tephra coverage on snow-surface lowering, the records had to be narrowed down to a period without snow cover on top of the tephra. The selection of the suitable period is based on measured surface temperatures on the tephra packs of the two ∼ 80 mm plots (Fig. 2) . Surface temperature is generally closely related to the intra-day cycles of air temperature and shortwave radiation. However, snow or ice surfaces cannot exceed 0 • C. This implies that surface temperatures which follow a regular abovezero intra-day cycle indicate a completely snow-or ice-free surface. In our field experiment, this is the case for the period after 15 June 2015 (Fig. 2) . Up until this date, sub-zero surface temperatures prevail despite the presence of intra-day air temperature cycles which regularly exceed 0 • C. This indicates at least partly snow covered conditions on the surfaces of the tephra plots.
From 4 August 2015 onwards, the intra-day cycles of surface temperature start to become irregular. In addition, the periodic, substantially positive offsets of surface temperature over air temperature, which occurred consistently over 15 June to 3 August, were replaced by rather irregular, predominantly negative offsets (Fig. 2) . This combination of observations suggests that the tephra packs started to disintegrate, providing space for snow or bare-ice outcrops which destroyed the homogeneous surfaces of the tephra plots. Over homogeneous, low-albedo tephra coverage, shortwave radiation adds considerably to the energy gain at the surface and thus drives surface temperatures far above the air temperature level. Over rather patchy tephra coverage with high-albedo bare-ice outcrops, the integrated energy gain due to absorbed shortwave radiation is much lower. In addition, the surface temperature of the outcrops is capped at 0 • C. The integrated surface temperature of the tephra plots might thus lie well below the air temperature level.
Based on these considerations, we limit the observations to the 50-day period covering 15 June to 3 August (Fig. 2) . The final data set contains hourly averaged data for all meteorological parameters measured at the AWS (Fig. 3a) . Moreover, it contains hourly data from all seven ultrasonic height gauges, i.e., from snow-surface lowering measurements at the six tephra plots and at the reference site at the AWS (Fig. 3b) .
We compared the snow-surface lowering rates at the different plots. To facilitate this analysis, running 24 h differences, i.e., running daily snow-surface lowering rates, were calculated for the data of each of the seven sensors whenever valid measurements existed at all six tephra plots and at the reference site. This was undertaken in order to assure full comparability of the 24 h snow-surface lowering values. These running 24 h differences are also part of the published data set.
Results
Snow-surface lowering measurements over the chosen time period (15 June to 3 August 2015) reveal a loss of 2.25 m of snow cover at the reference site and between 2.21 and 2.97 m at the tephra plots (Fig. 3b) . During almost the entire period the study site showed snow coverage. Only for the plots with ∼ 1.5 mm tephra coverage it cannot be ruled out that the snowpack beneath the plots disappeared just before the end of the study period. For the reference site, the snowpack completely disappeared during the second week of August according to the measured albedo values. The progressive snow-surface lowering led to an increasing measurement uncertainty towards the end of the study period because the sensors' footprints might have extended beyond the borders of the tephra plots and erosion of the tephra material might have destroyed the previously homogeneous dispersal across the plots. Nevertheless, the running daily snowsurface lowering rates, i.e., the slopes of the snow-surface lowering curves (Fig. 3b) , show small variability with time, even if ephemeral increases sporadically occur at the end of June and during mid-July. The lowering rates at the six different plots become more similar over the second half of July, suggesting an incipient disintegration of the different tephra packs presumably due to erosion by meltwater.
Major disturbances occur in the snow-surface lowering curves of two of the GRV tephra plots (∼ 8.5 and ∼ 80 mm) in mid-July (Fig. 3b) . On 14 July the measured distance at the ∼ 8.5 mm GRV tephra plot increased by ∼ 0.20 m, followed by an increase of ≥ 0.15 m at the ∼ 80 mm GRV tephra plot on 16 July. These disturbances coincide with a major rain event (Fig. 3a) . It can thus not be ruled out that partial destructions of the tephra plots and of the upper layers of the snowpack occurred at this date subsequently distorting the distance measurements at the six tephra plots.
The relationships between tephra thickness and running daily snow-surface lowering rates (Fig. 4) resemble the findings of previous studies dealing with bare-ice ablation (Kirkbride and Dugmore, 2003; Mattson et al., 1993; Möller et al., 2016) . At the thin (∼ 1.5 mm) tephra plots, snow- surface lowering was substantially increased by a factor of 1.49 ± 0.88 (mean ± 1σ over time) under EYV tephra and by a factor of 1.51 ± 0.71 under GRV tephra. At the tephra plots geared to the critical thickness of the tephra (∼ 8.5 mm), snow-surface lowering was equal to uncovered conditions under EYV tephra (1.00 ± 0.61) and slightly increased under GRV tephra (1.17 ± 0.57). However, at the thick tephra plots (∼ 80 mm) the observed snow-surface lowering did not match expectations drawn from previous bare-ice knowledge. Under EYV tephra, snow-surface lowering was close to uncovered conditions (0.98 ± 0.73) and under GRV tephra only a slight insulation effect was present (0.85 ± 0.59). The rather high standard deviations, however, suggest a considerable, misleading influence of sporadic, anomalously high and potentially erroneous values. Our assumption, which is supported by the distinctly more moderate medians of 0.93 (EYV) and 0.76 (GRV; Fig. 4) , is of insulating conditions under both ∼ 80 mm tephra covers. Nevertheless, the high snow-surface lowering rates at the two sites with ∼ 80 mm tephra cover suggest substantially different snowpack behavior than bare glacier ice behavior under tephra coverage.
This unexpected and thus important finding cannot be explained in full detail here because of limitations in the experimental setup. One obvious explanation is the fact that pure snow ablation is masked by additional processes in the measurements conducted. Snow-surface lowering resulting from settling and compaction of the snowpack as well as from metamorphism on the snow-crystal level also definitely impact the measurements. Moreover, the rather small horizontal extent of the tephra plots probably permits lateral influences of weather conditions on the snowpack beneath the plots. Explanations beyond these influences cannot be given, because the pure, energy-balance-controlled ablation signal cannot be isolated from measured snow-surface lowering. It is thus recommended that future experiment setups at least account for snow density variations.
Distinct differences were observed between snow-surface lowering rates during periods with and without precipitation (Fig. 4) . On wet days the increase in snow-surface lowering rates under the thin tephra covers compared to uncovered conditions is even more pronounced than it is on dry days. This finding is in clear contrast to short-term measurements by Möller et al. (2016) on bare glacier ice. Their study shows that on wet days sub-tephra ice ablation rates are even decreased when compared to uncovered conditions. The increase in snow-surface lowering under the ∼ 8.5 mm tephra covers compared to uncovered conditions is also higher on wet days than on dry days. This implies that the critical thickness of wet tephra is generally higher than that of dry tephra. The strength of the small insulation effect at the thick ∼ 80 mm tephra plots is, however, independent of the allocation to dry or to wet days.
There were average summer meteorological conditions during the field experiment period (15 June to 3 August 2015; Fig. 3a) . Air temperature mostly fluctuated between 0 and +4 • C (with few outliers) and showed a mean of +2.1 ± 1.4 • C (mean ± 1σ ). Thereby, mean (± 1σ ) air temperature gradients between lower and upper sensors amount to +0.20 ± 0.15 K m −1 . Daily albedo means decreased from ∼ 0.71 during the first week of the field experiment period to ∼ 0.58 during its last week. The associated daily mean of net shortwave radiation fluxes was 86.0 ± 22.4 W m −2 . The mostly undisturbed daily cycles of incoming shortwave radiation suggest little cloud coverage. Accordingly, total rainfall over the period sums up to only 40.2 mm. However, high wind speeds of 5.65 ± 3.34 m s −1 (mean ± 1σ ) with peak wind periods reaching 12-19 m s −1 might have led to considerable undercatch of precipitation by the tipping-bucket rain gauge (Sugiura et al., 2006) . The by far most frequently occurring wind directions (ENE to ESE) resemble the katabatic flow direction down the western slope of Vatnajökull.
Data availability
The final data set is organized in one single csv file which is available for download from the Pangaea Earth and environmental sciences data repository (Möller et al., 2017 ; https://doi.org/10.1594/PANGAEA.876656). It contains 2904 hourly samples (11 May to 8 September) of 18 variables. Among these, the six variables related to snowsurface lowering measurements at the artificial tephra plots are limited to 1200 hourly samples (15 June to 3 August) only (see Sect. 2.4).
Summary and outlook
A field experiment, studying the influences of different types of volcanic tephra on snow-surface lowering, was conducted on Vatnajökull ice cap, Iceland, in summer 2015. Two types of Icelandic tephra were compared, one from Eyjafjallajökull volcano and one from Grímsvötn volcano. Both tephras were sampled right before the start of the experiment at the calderas of the respective volcanoes. For the experiment, three different artificial plots of different thickness (∼ 1.5, ∼ 8.5 and ∼ 80 mm) were installed from both tephras. Snowsurface lowering at all six tephra plots and at a tephra-free reference site was monitored automatically over the summer season jointly with surface temperature on the two ∼ 80 mm tephra plots and concurrent atmospheric variables.
The experiment ran from mid-May to mid-September. Snow-surface lowering could be determined for 50 days (15 June to 3 August) at hourly resolution. The data set comprises records of air temperature and relative humidity at two levels, wind speed and direction, rainfall, incoming and reflected shortwave radiation and snow-surface lowering (in terms of distance from sensor to surface) over a non-tephra covered reference site and over the six tephra plots. Surface temperature was additionally measured at the two ∼ 80 mm tephra plots. We presented a comparison of snow-surface lowering rates under the different tephra plots.
Snow-surface lowering showed substantial median increases at the two ∼ 1.5 mm tephra plots (∼ 17 % under Eyjafjallajökull tephra and ∼ 40 % under Grímsvötn tephra). However, snow-surface lowering was also considerably increased at the ∼ 8.5 mm Grímsvötn tephra plot (median of ∼ 11 %), which contrasts with results of previous studies on bare-ice glacier surfaces. Insulation was small even under the thick ∼ 80 mm plots (median reductions of ∼ 7 % under Eyjafjallajökull tephra and ∼ 24 % under Grímsvötn tephra). This also stands in contrast to earlier bare-ice results, where almost full insulation was found under comparably thick tephra covers. The increase in snow-surface lowering on days with rainfall under thinner tephra covers compared to uncovered conditions is markedly higher than on days without rainfall. This is in contrast to bare-ice conditions, where no ablation increase is present on rainfall days at all. This finding leaves room for further investigation. Influence of tephra type is small compared to the other factors.
For potential future experiments, the results and our experience in the field suggest that frequent snow profile analyses or at least snow density measurements over the experiment period are required to interpret the snow-surface lowering measurements obtained with regards to snow ablation. However, this is logistically challenging, as would be the suggested use of larger tephra plot diameters, which would better prevent snow-surface lowering measurements from being influenced by lateral energy fluxes from the surface to the sub-tephra snowpack. Installing the six tephra plots with a diameter of 2.0 m instead of 0.7 m would have required the transport of over 320 kg of tephra (instead of ∼ 115 kg) from the two sampling sites to the field experiment site.
In conclusion, the experiment delivers a data set which clearly illustrates that the influences of supraglacial tephra cover on glacier ablation are considerably different, depending on the surface of the glacier, i.e., snow or bare ice. To our knowledge, this data set is the first to continuously measure snow-surface lowering under different types and thicknesses of volcanic tephra. Together with the simultaneously acquired meteorological conditions, this data set allows for further in-depth study of the influence of weather conditions on sub-tephra snowmelt. Moreover, it can readily be included as a calibration or validation data set in broader studies on the influences of supraglacial particle cover on ablation.
